Thirty-seven of 396 patients with arteriovenous malformations (AVMs) were treated by preoperative embolization and surgical excision in our medical center between 1991 and 1997. The AVMs were Spetzler-Martin grade I in six, grade II in 11, grade III in 12, grade IV in four, and Grade V in four. A total of 69 embolization procedures were performed using estrogen alcohol and polyvinyl acetate as liquid embolization materials. AVM grades improved following embolization in 10 patients. Three hemorrhages occurred several days after the final embolization, probably due to hemodynamic stress on the unoccluded perforating feeders or drainer occlusion. Surgical resection was performed under guidance of intraoperative digital subtraction angiography. Although the AVMs were excised totally in one stage with no major neurological deficits, normal perfusion pressure breakthrough occurred in a patient with prominent collateral circulation of the AVM which developed after the main feeder embolization. Preoperative staged embolization with estrogen alcohol and polyvinyl acetate is effective to expand the surgical indication and to achieve complete resection of difficult AVMs. Direct surgery should be performed as soon as possible if hemodynamic changes are observed following embolization.
Introduction
Modern therapeutic modalities for arteriovenous malformation (AVM) including microneurosurgery, 31, 32) intravascular neurosurgery, 28, 29) and stereotactic radiosurgery 2,14,20, [23] [24] [25] still have some limitations. However, the combination of these three modalities with the participation of specialists is expected to provide the maximum clinical benefits. 4,9-11,15) In our center, endovascular embolization to reduce the AVM volume as much as possible is the first step in the treatment strategy of large or complex AVMs. 16, 17, 33) Subsequently, gamma knife therapy is indicated for AVMs located in the critical areas, and microsurgical resection is indicated for AVMs in surgically accessible locations. Here, we present our latest experiences with combined embolization with our liquid embolization materials and microsurgery for 37 patients with AVMs.
Materials and Methods

I. Indications for embolization
The initial treatment was selected according to the size of the nidus. The first choice was embolization if the nidus was more than 3 cm in diameter. However, preoperative embolization was performed for small AVMs of less than 3 cm in diameter if the AVMs were supplied by deep feeders that were difficult to access surgically.
II. Patient population
We treated 396 patients with AVMs in Tohoku University Medical Center from November 1991 to August 1997. The initial treatment was conventional neurosurgical resection for 16 AVMs, embolization for 149, and gamma knife radiosurgery for 231. Primary embolization in 149 AVMs was followed by no further treatment in 23 cases, gamma knife radiosurgery in 89, and surgical resection in 37.
The 37 patients who underwent postembolization surgical removal of the residual AVM nidus includ-Combined Embolization and Surgery for AVM ed 13 females and 24 males, aged from 12 to 64 years (mean 38 years). Five AVMs were located in the basal ganglia and/or the thalamus, 26 in the cerebral cortex (eloquent 8, non-eloquent 18), and six in the cerebellum. The AVMs were classified according to the Spetzler and Martin scale 22) as grade I in six cases, grade II in 11, grade III in 12, grade IV in four, and grade V in four. Twenty patients presented with hemorrhage and nine with seizures. The other eight patients had headache, neurological deficits, or incidental discovery.
III. Embolization technique
Transfemoral catheterization was performed with the standard Seldinger's technique under local neuroleptanesthesia. A microcatheter including a calibrated leak balloon or mini catheter was introduced into the target feeding artery. The provocation test using amytal and xylocaine was performed to confirm no response. Embolization was then carried out using the chemical embolization materials developed in the Department of Neurosurgery, Tohoku University School of Medicine. 6, 7, 18, 26, 27) Estrogen alcohol, a solution of conjugated estrogen in 25% ethanol (20 mg estrogen in 1 ml of 25% ethanol) is infused into the feeding pedicle to induce an intimal specific embolization effect, usually a dosage of 5-10 ml delivered by infusion pump for 10-20 minutes depending on the flow and anatomical characteristics of the feeding arterial system. 18) This infusion results in diffuse intimal cell damage and occlusion of the vessels and prevents future recanalization. Then an alcohol soluble polymer, polyvinyl acetate is injected under the real-time subtraction monitoring until the target vessel and the compartment of the nidus are obliterated. Polyvinyl acetate can be injected slowly or quickly, continuously or intermittently, and repeatedly through same catheter.
IV. Microsurgical resection
The mean interval between the embolization procedure and direct surgery was 16 days. Surgical resection was performed under the guidance of intraoperative digital subtraction angiography (DSA). All AVMs were excised totally in one stage. This embolization method does not form a hard lesion and so causes no difficulties for the radical resection. Complete resection of AVMs was also confirmed by postoperative angiography in all patients 6 months after the surgery.
Results
I. Embolization procedures
A total of 69 embolization procedures were performed in the 37 patients (mean 1.9 per patient). Nidus embolization through the cortical feeding arteries was attempted in all patients. The perforating deep feeders were embolized in seven of 18 patients. The transcortical collateral vessels were identified in six patients and were embolized in one patient. The size of the nidus was reduced and the Spetzler and Martin grade improved following embolization in 10 patients.
Complications were divided into two categories according to the cause, hemorrhage and other factors. Three hemorrhages occurred in the early stage after the staged embolization (3-13 days), of which one occurred just after the craniotomy during the surgery. Drainer occlusion was suggested as the cause for the bleeding in one patient, and hemodynamic stress on the unoccluded perforating feeders after cortical artery embolization in the other two patients (Fig. 1) . These hemorrhages resulted in permanent neurological deficits in two patients (visual field defect in 1, and sensory aphasia and hemiparesis in 1). Embolization-related infarction caused transient Gerstmann's syndrome in one patient after transcortical collateral vessel embolization, and permanent visual field defect in another patient after feeder embolization.
II. Microsurgery
Transient neurological deficits developed following microsurgical resection in five patients (hemiparesis in 2, visual field defect in 1, aphasia in 1, and Gerstmann's syndrome in 1), and the other two patients had permanent visual field defect. The Gerstmann's syndrome may have resulted from venous occlusion and the other complications were caused by surgical trauma during dissection of the AVMs from the eloquent areas. One patient with a large right frontal AVM showed transient hemiparesis caused by normal perfusion pressure breakthrough (NPPB) (Fig. 2) . In this case, the transcortical collateral vessels from the middle cerebral artery (MCA) through the premotor cortex became dilated and prominent after embolization of the main feeders of the anterior cerebral arteries (ACAs). After resection of the nidus, the brain tissue supplied by transcortical collateral vessels became edematous and hemorrhagic. Consequently, the premotor area had to be evacuated. Fortunately, the final outcome was excellent. 
III. Clinical outcome
The clinical outcomes of the eight patients with high-grade AVMs (Spetzler and Martin grade IV or V) are summarized in Table 1 . Three patients showed improvement in grade from IV or V to III following embolization. Six patients showed no neurological worsening after the final surgical resection. Two patients suffered visual field defect that was attributable to either embolization or surgery.
Discussion I. Embolization method
The present AVM embolization method is known to be effective and safe. 16, 17, 33) Thirty-five of 144 patients (24.3%) with AVMs embolized in Tohoku University Medical Center by 1994 showed neartotal obliteration (AE95% occlusion), and 12 patients (8.3%) showed complete nidus obliteration. 33) The mean nidus volume reduction was 51.8%. In that series, follow-up angiography detected no recanalization of the nidus. Almost all patients showed one or two grade improvements according to the Spetzler and Martin grading system after embolization. The percentages of grade IV or V cases before and after embolization were 37% and 12%, respectively. In the present series of 37 patients, AVM embolization resulted in grade improvement in 10 patients. Five of the eight cases classified as grade IV or V before embolization showed improvement and three cases became grade III. Therefore, these complex AVMs could be resected completely in one stage after the embolization with quite satisfactory results. H. Kinouchi et al.
II. Hemorrhagic complications
In the previous long-term follow-up study of 144 patients after embolization with estrogen alcohol and polyvinyl acetate, 105 patients were observed with or without gamma knife radiosurgery. Ten patients showed bleeding during the follow-up period (average 2.7 years). The cumulative hemorrhage rate after embolization was 2.82% year. 33) However, hemorrhage occurred at an early stage following embolization (3-13 days) in three patients in the present study. Fortunately, these hemorrhages caused no mortality, but one patient developed severe neurological deficits (hemiparesis and sensory aphasia). A multicenter trial to compare the safety and efficacy of n-butyl-2-cyanoacrylate (NBCA) with those of polyvinyl alcohol (PVA) for preoperative embolization of cerebral AVM found hemorrhagic complications in seven patients (13.0%) in the NBCA group (54 patients) and 15 patients (28.9%) in the PVA group (52 patients). 19) Hemorrhage occurred post-embolization in four patients (7.4%) in the NBCA group and three patients (5.8%) in PVA group. 19) The occurrence of hemorrhagic complications should be minimized, but the incidence of hemorrhage following embolization in the present study was not much greater than that reported previously.
III. Hemodynamic change after embolization
Progressive thrombosis of the AVM draining vein was suggested as one of the causes of the hemorrhagic complications following embolization. 29) In our series, one patient showed drainer occlusion following nidus embolization. Postembolization angiography showed that draining flow was intact in the other two patients, but that the deep perforating arteries supplying the AVM were enlarged after occlusion of the major cortical feeding arteries. Blocking the major feeding arteries leads to greater participation of the deeper perforating arteries. 5,13) Such acute hemodynamic stress may cause rupture of the remaining nidus. Therefore, surgical resection should be performed immediately if signs of such changes are identified by postembolization angiography.
Transcortical collateral arterial supply to the AVM, similar to the deep perforating arteries, sometimes develops after successful embolization. 12, 23) This collateral pattern is slower in developing in most cases. 12) However, in our case of left frontal AVM, the transcortical collateral vessels developed immediately after the embolization of the feeding vessels. Transcortical collateral vessels on the premotor cortex via the MCA became prominent after embolization of the feeding ACAs. After resection of the nidus, the premotor cortex just adjacent to the nidus became edematous and hemorrhagic, supposedly due to the NPPB mechanism. Intraoperative DSA demonstrated massive enlargement and congestion of the transcortical collateral vessels during resection. Finally, the premotor cortex had to be resected. Fortunately, the patient showed only temporary hemiparesis. This result clearly demonstrates that incomplete feeder occlusion for an AVM with transcortical collateral vessels may cause adverse hemodynamic changes that are much more difficult to handle during surgery.
IV. Embolization materials
Many types of embolization materials have been proposed, including detachable balloons, particles such as silastic, latex, and PVA, polymers such as isobutyl-2-cyanoacrylate (IBCA), NBCA, and ethylene vinyl alcohol copolymer, metallic coils, and threads. 4) PVA and NBCA are representative of these materials and are readily available. 19, 30) Incomplete vessel or nidus occlusion by any method will result in revascularization and collateral formation, but PVA carries a greater risk in the long term of recanalization than NBCA even after complete obliteration. 21) In contrast, AVMs completely embolized with NBCA are stable. 8,30) However, long-term follow-up angiography after embolization with estrogen alcohol and polyvinyl acetate detected no recanalization of the vessels filled with the embolic material. 33) NBCA carries the well-known risk unique to adhesive cyanoacrylate of gluing the catheter to the vessel. 1,3) Late polymerization of NBCA may occur, leading to venous passage and venous occlusion. However, estrogen alcohol and polyvinyl acetate cannot glue the catheter to body structures and we have not experienced any case of pulmonary embolism following embolization with these materials. 33) In contrast to IBCA, the AVMs embolized with NBCA are elastic and easy to cut. 19, 29, 30) In addition, the surgeon did not consider that resection of the AVM nidus was significantly more difficult after NBCA embolization than after particle embolization. 19, 29, 30) Lesions embolized with the present method using estrogen alcohol and polyvinyl acetate are not hard and do not cause any difficulties for radical resection. 33) Finally, the parts of the nidus embolized by estrogen alcohol and polyvinyl acetate do not have to be resected because of the stability of the embolized vessels. We believe that this feature will reduce the surgical complication rate after embolization with this material. Therefore, intraoperative DSA is quite useful to decide the end point of surgery, and to confirm the complete angiographical obliteration of the AVM. 16, 17, 33) 
V. Conclusion
Preoperative staged embolization with liquid embolization materials (estrogen alcohol and polyvinyl acetate) is effective to reduce the surgical requirement and to expand the surgical indications for AVMs. However, hemodynamic changes in the unoccluded deep perforating arteries, transcortical collateral vessels, or draining vein following embolization indicate that direct surgery should be performed as soon as possible. Intraoperative DSA can improve the safety and effectiveness of AVM surgery. 
